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In spite of numerous geophysical investigations have been conducted in 
southeastern United States, the structure and evolution of the crust and lithospheric 
mantle remain controversial due the thick sedimentary covers atop the crust of the coastal 
plains there. In this study, we use data from 186 broadband seismic stations belonging to 
the USArray Transportable Array to construct a 3-D shear wave velocity model for the 
southeastern United States for the top 180 km by a joint inversion of Rayleigh wave 
phase velocity dispersion and receiver functions. Our results show a clear spatial 
correspondence with major surficial geological features. A prominent low velocity 
anomaly observed in the depth range of 0 to 25 km beneath the eastern Gulf Coastal Plain 
suggests the existence of thick sediments atop the crystalline crust. The eastern side of 
the southern Appalachian Mountains is characterized by low crustal Vp/Vs, thin crust, 
and slow lower crustal velocities, which may be caused by lower crustal delamination 
followed by relamination. Beneath the Osceola intrusive complex located at the central 
Suwannee Terrane, our results show low Vp/Vs measurements and seismically fast lower 
crust, which are attributable to eclogites in the lower crust. The Grenville Province and a 
narrow zone to its east possess relatively higher Vp/Vs values comparing with the 
surrounding areas, which can be attributed to mafic intrusion associated with crustal 
extension in the recently recognized eastern arm of the Proterozoic Midcontinent Rift. 
According to the isostasy theory, we estimate the density variations from the resulting 
velocity anomalies in the top 180 km, which indicate that contributions from density 
anomalies in greater depths are required to reach isostatic balance.
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SECTION
1. INTRODUCTION
The southern Appalachian Mountains located in southeastern United States is 
surrounded by the Atlantic Coastal Plain to its southeast and the Gulf Coastal Plain to its 
south. The southern Appalachian Mountains and its adjacent areas have undergone two 
complete Wilson cycles (Thomas, 2006), including the assembly of Rodinia (1.35 - 1.1 
Ga) followed by the opening of the Iapetus Ocean (760 - 530 Ma), and the assembly of 
the Pangaea (350 - 300 Ma) followed by the opening of the Atlantic Ocean (~180 Ma). 
The tectonic complexity makes the area an ideal location to study modifications of the 
crust and upper mantle by a variety of tectonic processes including continental rifting, 
passive margin evolution, plate subduction, and continental collision.
The first Wilson cycle started with the formation of Rodinia as the final phase of 
the Grenville orogeny (1.35 - 1.1 Ga) (Loewy et al., 2003; Thomas, 2006; Tohver et al., 
2004), when the Grenville terranes were accreted onto Laurentia along a southeast-trend 
convergent margin (Whitmeyer & Karlstrom, 2007). Syntectonic intrusions during the 
Ottawan orogeny (ca. 1.09 - 1.03 Ga) further modified the crust beneath the northern 
Blue Ridge (Whitmeyer & Karlstrom, 2007). Along the eastern margin of Laurentia, 
series of rifting events occurred during the opening of the Iapetus Ocean (760 - 530 Ma) 
(Whitmeyer & Karlstrom, 2007). Rift-related igneous intrusions are suggested to exist in 
the crust beneath the SAM (Aleinikoff et al., 1995; Owens & Tucker, 2003). A volcanic 
island arc, the Carolina Terrane, accreted onto the Inner Piedmont and formed the Central
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Piedmont Suture after the opening of the Iapetus Ocean and prior to the assembly of 
Pangaea. Granitic plutons were formed at this time in the east-dipping subduction zone 
(Hatcher et al., 1989).
Due to the reverberation effects on seismograms caused by thick sedimentary 
layers atop the crust in the Atlantic Coastal Plain and Gulf Coastal Plain, it is difficult to 
obtain reliable structures of the crust and upper mantle solely from either receiver 
function analysis or surface wave tomography. Thus, we adopt the strategy is to use a 
non-linear Monte-Carlo joint inversion of Rayleigh wave phase velocities and receiver 
functions (Shen et al., 2013) at stations that could provide reliable receiver funtion time 
series, while for stations that could not provide reliable receiver functions, we just invert 
the Rayleigh wave phase velocities using crustal thickness and Vp/Vs values from global 
models for generating initial inversion models. The joint inversion analysis can result in 
more reliably-determined shear wave velocities comparing with surface wave 
tomography and more accurate crustal thickness measurements comparing with receiver 
function approaches. The H-k stacking receicer function analysis (Zhu & Kanamori, 
2000) is utilized to provide stacked receiver function time series, and crustal thickness 
and Vp/Vs measurements. Strong reverberations produced by the loose sediments atop 
the crust may mask the converted phases from the Moho, leading to erroneous crustal 
thickness and Vp/Vs measurements (Yu et al., 2015; Zelt & Ellis, 1999). To better 
constrain our measurements from receiver function analysis, a deconvolution-based 
reverberation-removal technique (Yu et al., 2015) is applied on the original receiver 
functioms to remove or significantly reduce the reverberation effects. For Rayleigh wave 
phase velocity dispersions at short periods (6 - 24 s), ambient seismic noise tomography
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(Yao et al., 2006) is used to obtain high-resolution phase velocities at different periods. 
For Rayleigh wave phase velocity dispersions at long periods (28 - 120 s), two-station 
analysis (Yao et al., 2006) is applied to extract phase velocities from teleseismic 
earthquakes. Tectonic implications of the study area, including delamination/relamination 
beneath the eastern part of the southern Appalachian Mountains and magmatic intrusion 
beneath the Grenville Province in southeastern United States, have been proposed by 
either crustal thickness and Vp/Vs evidence or seismic velocity variations. Our study 
provides more comprehensive interpretations by combining the two. Besides, several 
previously unproposed features could have been revealed by our joint investigation of 
multiple properties of the crust and upper mantle.
4
PAPER
I. CRUSTAL AND UPPER MANTLE STRUCTURE BENEATH THE
SOUTHEASTERN UNITED STATES FROM JOINT INVERSION OF 
RAYLEIGH WAVE DISPERSION AND RECEIVER FUNCTIONS
ABSTRACT
Using data from 186 stations belonging to the USArray Transportable Array, a 
three-dimensional shear wave velocity model for the southeastern United States is 
constructed for the top 180 km by a joint inversion of Rayleigh wave phase velocity 
dispersion and receiver functions computed from ambient noise and teleseismic 
earthquake data. The resulting shear wave velocity model and the crustal thickness and 
Vp/Vs (k) measurements show a clear spatial correspondence with major surficial 
geological features. The distinct low velocities observed in the depth range of 0 to 25 km 
beneath the eastern Gulf Coastal Plain reflect the thick layer of unconsolidated or poorly 
consolidated sediments atop the crystalline crust. The low k, thin crust, and slow lower 
crustal velocities observed beneath the eastern side of the southern Appalachian 
Mountains can be best interpreted by lower crustal delamination followed by 
relamination. The Osceola intrusive complex located at the central Suwannee Terrane is 
characterized by low k measurements and seismically fast lower crust, which are 
attributable to eclogites in the lower crust. The Grenville Province and adjacent areas 
possess relatively higher k values which can be attributed to mafic intrusion associated 
with crustal extension in the recently recognized eastern arm of the Proterozoic
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Midcontinent Rift. Estimated density variations computed from the resulting velocity 
anomalies in the top 180 km are insufficient to maintain isostatic balance for most of the 
study area, requiring contributions from density anomalies in greater depths.
1. INTRODUCTION
1.1. GEOLOGICAL SETTING
The southern Appalachian Mountains (SAM) of the southeastern United States 
(SEUS) is surrounded by the Atlantic Coastal Plain (ACP) to its southeast and the Gulf 
Coastal Plain (GCP) to its south (Figure 1). The SAM and adjacent areas have undergone 
two complete Wilson cycles (Thomas, 2006), including the assembly of Rodinia (1.35 - 
1.1 Ga) followed by the opening of the Iapetus Ocean (760 - 530 Ma), and the assembly 
of the Pangaea (350 - 300 Ma) followed by the opening of the Atlantic Ocean (~180 Ma). 
Such a tectonic complexity makes the area an ideal location to study modifications of the 
crust and upper mantle by a variety of tectonic processes including continental rifting, 
passive margin evolution, plate subduction, and continental collision.
The first Wilson cycle started with the formation of Rodinia as the final phase of 
the Grenville orogeny (1.35 - 1.1 Ga) (Loewy et al., 2003; Thomas, 2006; Tohver et al., 
2004), when the Grenville terranes were accreted onto Laurentia along a southeast-trend 
convergent margin (Whitmeyer & Karlstrom, 2007). Syntectonic intrusions during the 
Ottawan orogeny (ca. 1.09 - 1.03 Ga) further modified the crust beneath the northern 
Blue Ridge (Whitmeyer & Karlstrom, 2007). Along the eastern margin of Laurentia, 
series of rifting events occurred during the opening of the Iapetus Ocean (760 - 530 Ma)
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(Whitmeyer & Karlstrom, 2007). Rift-related igneous intrusions are suggested to exist in 
the crust beneath the SAM (Aleinikoff et al., 1995; Owens & Tucker, 2003). A volcanic 
island arc, the Carolina Terrane, accreted onto the Inner Piedmont and formed the Central 
Piedmont Suture after the opening of the Iapetus Ocean and prior to the assembly of 
Pangaea. Granitic plutons were formed at this time in the east-dipping subduction zone 
(Hatcher et al., 1989).
It is generally accepted that the supercontinent Pangaea was formed by the 
collision of Gondwana and Laurentia, but the location of the suture of the two continents 
in the SEUS is debated. While some studies suggest that the suture is represented by the 
Brunswick Magnetic Anomaly (Figure 1; McBride & Nelson, 1988), some other 
researchers advocate that the magnetic anomaly represents an intra-Gondwanan linear 
structure and the Gondwana/Laurentia suture is located further north (Boote & Knapp, 
2016). During the Devonian Acadian orogeny (409 - 350 Ma), the Carolina Terrane and 
the Inner Piedmont sutured with the eastern North American margin and formed a large 
strike-slip fault in a southeasterly direction (Hatcher et al., 1989; Hawman et al., 2012). 
During the Middle to Late Triassic, the opening of the Atlantic Ocean and the Gulf of 
Mexico led to the breakup of Pangaea. The overall mafic crustal composition of the ACP 
is commonly attributed to the Central Atlantic Magmatism during the early stage of the 
formation of the passive margin (Nomade et al., 2007).
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Figure 1. Elevation map showing seismic stations used in the study (white triangles) and 
major tectonic provinces. Light gray lines are the boundaries of different states. The 
black dashed line represents the boundary between the Gulf Coastal Plain and the 
Atlantic Coastal Plain. The two brown dashed lines outline the Grenville and Mazatzal 
provinces. The purple curve to the north of the Suwannee Terrane represents the 
Brunswick Magnetic Anomaly. Seismic stations mentioned in the main text are marked 
with station names. The inset in the lower right corner is an azimuthal equidistant 
projection map centered at the study area showing the distribution of earthquakes used 
for RF (green circles) and TS (blue circles) analyses. The rectangle area in the lower left 
corner shows the location of the study area. ACP: Atlantic Coastal Plain; AP: 
Appalachian Plateau; BMA: Brunswick Magnetic Anomaly; BRM: Blue Ridge 
Mountains; CT: Carolina Terrane; ILP: Interior Low Plateau; IP: Inner Piedmont; GCP: 
Gulf Coastal Plain; SAM: Southern Appalachian Mountains; ST: Suwannee Terrane; RV:
Ridge and Valley.
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1.2. PREVIOUS INVESTIGATIONS OF LITHOSPHERIC STRUCTURE
1.2.1. Tomography Investigations of the Study Region. Bensen et al. (2008) 
utilize ambient noise data recorded over a two-year (March 2003 - February 2005) period 
by a total of 203 broadband seismic stations spanning the United States, southern Canada, 
and northern Mexico to image crust and uppermost mantle structure using surface wave 
dispersion. Both the phase and group velocities are inverted from Love waves in the 
period range of 8 and 25 s and Rayleigh waves between 8 and 70 s. At the intermediate 
period of 25 s, Bensen et al. (2008) observe prominent low Rayleigh wave phase velocity 
anomalies through the Appalachian Mountains (from northern Alabama to western 
Pennsylvania), indicating the presence of a thicker-than-average crust. In general, results 
from Love and Rayleigh waves agree well with each other and with the known geological 
features.
An ambient seismic noise tomography study in Mexico and adjacent areas 
(including most of the area investigated by this study) by Gaite et al. (2012) reveals phase 
and group velocity distributions from the period of 8 s to 60 s from fundamental mode 
Rayleigh waves. Ambient noise data provided by 100 broadband seismic stations are 
used for cross-correlations and temporal stacking between 2006 and 2008. Low velocities 
revealed beneath the GCP at short periods (8 - 16 s) reflect thick sediments there. At 
longer periods (from 40 to 60 s), both the SEUS and the Mayan Block to its south are 
characterized by high velocity anomalies, which are consistent with the tectonic evolution 
model for the Gulf of Mexico proposed by Pindell & Kennan (2009) advocating that the 
Mayan Block was rotated away from the south-central U.S. to its present location. A 
more recent study by Spica et al. (2016), which covers almost the same area as that in
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Gaite et al. (2012) but uses more data (903 seismic stations), conducts a 3-D shear 
velocity modeling by inverting Rayleigh wave group velocities for the top 150 km. The 
resulting velocity model indicates that the thickest sedimentary layer is located in the 
GCP with a maximum thickness of 9 km. The SEUS and eastern Mexico possess 
relatively higher seismic velocities than the southwestern U.S. and western Mexico in the 
uppermost mantle (50 km), which are attributed to differences in composition and 
possibly temperature (Spica et al., 2016).
Using data provided by the EarthScope USArray Transportable Array (TA) 
stations, Yuan et al. (2014) construct high-resolution 3-D shear wave velocity imaging of 
the lithosphere and asthenosphere in the continental U.S. They observe high velocities 
northwest of the Suwannee Terrane (ST) in Florida and beyond the coastline persisting 
down to the uppermost mantle to a depth of about 150 km, indicating that the exotic 
terranes extend into the lithosphere. They also propose that deep-rooted high-velocity 
blocks (>150 km) east of the continental rift margin represent the Gondwanian terranes of 
Pan-African affinity.
Mantle seismic velocity structure from the surface to 1,200 km deep is imaged by 
Schmandt & Lin (2014) using teleseismic P and S wave traveltime tomography for the 
entire continental U.S. For inversion of seismic velocities in the crust and uppermost 
mantle, they use Rayleigh wave phase velocity dispersions extracted from ambient 
seismic noise as the starting model to improve the resolution. Two distinct low velocity 
anomalies in upper mantle (approximately from 60 to 300 km) beneath the northern and 
central Appalachian Mountains, respectively, are revealed by the velocity model. The 
same low velocity features are also suggested by other tomography studies (e.g., Netto &
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Pulliam, 2020; Schaeffer & Lebedev, 2014; Wagner et al., 2018). A low velocity 
anomaly beneath the northern Appalachian Mountains is interpreted as the result of the 
Eocene basaltic magmatism, while a low velocity anomaly beneath the central 
Appalachian Mountains coincides with the Cretaceous track of the Great Meteor hotspot.
Porter et al. (2016) construct a 3-D shear wave velocity model from the surface to 
the depth of 150 km using TA data. Rayleigh wave phase velocities derived from both 
ambient seismic noise and wave gradiometry analyses are inverted to obtain a shear 
velocity model. Due to the thick layer of sediments along the GCP, low velocities in the 
shallow crust are observed in that region. The Appalachian Mountains show significantly 
high velocities through the entire crust, an observation that is consistent with the 
hypothesis that crustal densities increase beneath older mountain ranges (Fischer, 2002).
More than 1,800 TA stations spanning the continental U.S. are used by a joint 
inversion of Rayleigh wave dispersions, receiver functions (RFs), and Rayleigh wave 
ellipticity measurements to generate a shear velocity model of the crust and uppermost 
mantle (Shen & Ritzwoller, 2016). A low shear velocity zone beneath the SAM ranging 
from approximately 40 to 60 km is observed, and the Moho depth beneath this region is 
~50 km. In the uppermost mantle, lower shear velocities are revealed beneath northern 
Florida relative to the adjacent areas.
A recent tomography study by jointly inverting arrival times of local earthquakes 
and relative traveltime residuals of teleseismic events recorded by 1,148 USArray 
stations provides a 3-D P wave velocity model beneath the Central and Eastern U.S. 
(Wang et al., 2019a). Distinct low-velocity anomalies are observed in the crust beneath 
the eastern arm of the Midcontinent Rift, which are attributed to the thick sediments and
11
volcanic rocks. A 3-D seismic velocity model of the upper mantle (85 - 460 km) for the 
southern U.S. is recently constructed by Netto & Pulliam (2020) using direct teleseismic 
P and S traveltimes recorded at approaximately 1,600 seismic stations. The Grenville 
Terrane, which marks the eastern edge of the Laurentia Craton, is bounded by two low- 
velocity anomalies in the upper mantle, the ACP to the east and the ST to the south, 
respectively. A high-velocity anomaly extending from ~100 to ~450 km deep beneath the 
northern ST seems to be associated with the Suwannee-Wiggins Suture Zone.
1.2.2. Crustal Thickness and Bulk Composition of the Study Region. Crustal 
thickness (H) and bulk composition, as reflected by the Vp/Vs (k) values and seismic 
velocities, have been measured by several seismic refraction and RF studies in SEUS. 
Kean & Long (1980) characterize H measurements from central Georgia across South 
Carolina by applying the seismic refraction method and infer an average 40-km-deep 
Moho beneath the ACP. They suggest that the shallowest Moho of ~29 km is in the 
eastern part of the coastal plain, while the crust thickens southwestward reaching to ~42 
km in the southern ACP. Additionally, the crust thickens from the Ridge and Valley 
toward the Appalachian Plateau and reaches to ~55 km beneath the plateau. Prodehl et al. 
(1984) conduct a seismic refraction study in the SAM and adjacent areas and observe that 
the resulting H measurements beneath the SAM range from ~33 to ~57 km. Specifically, 
the crust beneath the Interior Low Plateaus is 55 km thick and is ~50 km beneath the 
Ridge and Valley. The study also reveals the presence of high mean velocities and a 
broad crust-mantle transition zone beneath the SAM. Parker et al. (2013) reveal that the 
H values in the Carolina Terrane range from 36 to 37 km and crustal k values from 1.69 
to 1.72. The high H values beneath the Blue Ridge Mountains, ranging from 50 to 55 km,
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are explained by the combined result of the Alleghanian thrust loading and the inherited 
thickened crust from continental collision during the Proterozoic Grenville orogeny.
Within the area of 84.5°W - 95.5°W, and 35°N - 41.5°N, McGlannan & Gilbert 
(2016) conduct a RF analysis to investigate crustal and upper-mantle structure. More than 
280 teleseismic earthquakes recorded by 183 broadband seismic stations between Jun. 
2010 and Dec. 2013 are used to provide data. Comparing with the surrounding areas 
outside the rift zones, a thinner crust of ~40 km beneath New Madrid Seismic Zone is 
observed, suggesting the existence of a zone of weakness and the rifts extend across 
much of the crust (McGlannan & Gilbert, 2016). Positive gravity anomalies in the rift 
zones indicate that the high density crust plays an important factor in maintaining the low 
elevations there.
A joint inversion of RFs, gravity, and spatial statistics technique is used to 
estimate the thickness and bulk composition of continental crust in the conterminous U.S. 
and southernmost Canada (Ma & Lowry, 2017) using data provided by the EarthScope 
Automated Receiver Survey. The resulting H measurements show that the SAM is 
characterized by thick crust (>45 km) with the exception of the eastern portion. The 
southernmost tip of Florida is found to possess thicker-than-normal crust of ~45 km, and 
for the rest of the ACP and GCP, the crust is thinner comparing with that of the SAM.
The resulting k measurements show that the ST possesses high k values (>1.80), except 
for the central part, which has a lower-than-normal average k value (<1.75).
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1.3. SIGNIFICANCE OF THE PRESENT STUDY
Due to the influence of thick sedimentary layers atop the crust in the ACP and 
GCP, it is difficult to obtain reliable crustal and upper-mantle structures solely from 
either RF analysis or surface wave tomography. In this study, our strategy is to use a non­
linear Monte-Carlo joint inversion of Rayleigh wave phase velocities and RFs (Shen et 
al., 2013) at stations that could provide reliable RF measurements, while for stations that 
could not provide reliable RF measurements, we just invert the Rayleigh wave phase 
velocities using H and k values from global models for generating initial inversion 
models. The joint inversion analysis can result in more reliably-determined shear wave 
velocities comparing with surface wave tomography and more accurate H measurements 
comparing with RF approaches. The H-k stacking RF analysis (Zhu & Kanamori, 2000) 
is utilized to provide stacked RF time series, and H and k measurements. Strong 
reverberations produced by the loose sediments atop the crust may mask the converted 
phases from the Moho, leading to erroneous H and k measurements (Yu et al., 2015; Zelt 
& Ellis, 1999). To better constrain our RF measurements, a deconvolution-based 
reverberation-removal technique (Yu et al., 2015) is applied on the original RFs to 
remove or significantly reduce the reverberation effects. For Rayleigh wave phase 
velocity dispersions at short periods (6 - 24 s), ambient seismic noise tomography (Yao et 
al., 2006) is used to obtain phase velocities at different periods. For Rayleigh wave phase 
velocity dispersions at long periods (28 - 120 s), two-station (TS) analysis (Yao et al., 
2006) is applied to extract phase velocities from teleseismic earthquakes. Tectonic 
implications of the study area, including delamination/relamination beneath the eastern 
SAM and magmatic intrusion beneath the Grenville Province in SEUS, have been
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proposed by either H and k evidence or seismic velocity variations (e.g., Behrendt et al., 
1990; Parker et al., 2013). Our study provides more comprehensive interpretations by 
combining the two. Besides, several previously unproposed features, i.e., eclogitization 
beneath the ST, could have been revealed by our joint investigation of multiple properties 
of the crust and uppermost mantle.
2. DATA AND METHODS
2.1. DATA
Broadband seismic data recorded by 186 USArray TA stations were requested 
from the Incorporated Research Institutions for Seismology (IRIS) Data Management 
Center (DMC) within the range of 76°W - 90°W, and 25°N - 37°N (Figure 1). For 
ambient noise tomography, broadband waveforms with a one-day length (86,400 s) were 
requested. Because our objective is to measure Rayleigh wave phase velocities, only the 
vertical component waveforms were selected. Subsequently, all the seismograms were 
uniformly resampled to 5 Hz. To obtain Rayleigh wave phase velocity measurements 
from TS approach, we requested broadband seismic data from 1,351 earthquakes with the 
minimum body wave magnitude (Mb) equal to or greater than 5.7 (Figure 1). The 
seismograms were then resampled to one sample per second for future data processing.
To compute RFs, 936 teleseismic events in the epicentral distance range 30° - 
180° were requested (Figure 1). The cutoff magnitude (Mc) is constrained by Mc = 5.2 + 
(A — 30)/(180 — 30) — D/ 700, where A is the epicentral distance in degree and D is 
the focal depth in kilometer (Liu & Gao, 2010). A total of 13,099 3-component
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seismograms were finally obtained and windowed from negative five seconds to positive 
50 seconds relative to the theoretical first P-wave arrival computed using the IASP91 
model (Kennett & Engdahl, 1991).
2.2. METHODS
2.2.1. Surface Wave Phase Velocity and RF Data Processing. Rayleigh wave 
phase velocity dispersion measurements are obtained from both ambient seismic noise (6 
- 24 s) and teleseismic events (28 - 120 s). The empirical Green’s function (EGF) analysis 
is applied to extract dispersion measurements at short periods from ambient noise. The 
four main steps for the EGF analysis include single station preprocessing to obtain 
ambient noise data, cross-correlation and temporal stacking to provide enhanced EGFs 
(see example of cross-correlation in Figure 2), dispersion curve selection to discard 
unreliable measurements, and phase velocity inversion to obtain phase velocity maps at 
different periods from 1-D dispersion curves (e.g., Wang et al., 2019b). To extract long- 
period Rayleigh wave phase velocity dispersion measurements, we apply the TS analysis 
(Yao et al., 2006). A multiple filter technique (Dziewonski et al., 1969) and an image 
transformation technique (Yao et al., 2006) are used to provide long-period dispersion 
curves for manual checking. Finally, phase velocity images are obtained from 6 to 24 s 
with an interval of 2 s and 28 to 120 s with an interval of 4 s. For all periods, the grid 
dimension is 0.4° X 0.4° with a sampling step of 0.1°. Figure 3 shows phase velocity
maps at different periods.
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Figure 2. (a) Raypaths (white lines) between Station KMSC (red triangle) and other 
stations (black triangles). The background image shows the depth of the lithosphere- 
asthenosphere boundary (Pasyanos et al., 2014). (b) 2-40 s band-pass filtered cross­
correlation functions between Station KMSC and other stations.
For processing RF data, we firstly enhance the signals by applying a 4-pole, 2- 
pass Bessel band pass filter (0.06 - 1.2 Hz) on all the obtained seismograms, and we only 
retain teleseismic events with signal-to-noise ratio (SNR) of greater than 4.0 (e.g., Gao & 
Liu, 2014). A frequency-domain water-level deconvolution procedure (Ammon et al., 
1990; Clayton & Wiggins, 1976) is applied on the filtered seismograms to deconvolve the 
vertical component from the radial component. Next, the H-k stacking procedure (Zhu & 
Kanamori, 2000) is applied to determine the optimal H and k measurements with the 
weighting factors for the PmS, PPmS, and PSmS phases of 0.5, 0.3, and 0.2, respectively 
(Nair et al., 2006). We use a 10-iterations bootstrap resampling approach (Efron & 
Tibshirani, 1986) to compute averaged H and k values.
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Figure 3. Rayleigh wave phase velocity maps from EGF (a) - (c) and TS (d) - (f) 
analyses. (a) 6 s. (b) 12 s. (c) 24 s. (d) 40 s. (e) 80 s. (f) 120 s.
Due to the thick sediments in the coastal plain region, strong reverberations 
caused by this low density and low velocity layer may mask the P-to-S converted phases 
(PmS and multiples) on the seismograms, leading to erroneous H and k measurements 
(Langston, 2011; Zelt & Ellis, 1999). A resonance-removal filter in the frequency domain 
(Yu et al., 2015) is adopted to remove or significantly reduce the reverberations. The 
amplitude (r0) and the time delay (At) of the first trough from RFs processed with 
autocorrelation were used to generate the filters. Figure 4 shows two examples of H-k RF
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Figure 4. (a) Original RFs from Station X53A plotted against the back azimuth (BAZ). 
The black traces represent individual RFs, and the red trace is the result of simple time 
domain summation of the individual traces. (b) H-k plot using the RFs in (a). (c) is same 
as (a), but for Station Y59A. Reverberation are clearly observed on the stacked RF (red 
trace). (d) H-k plot using the RFs in (c). (e) and (f) are the same as (c) and (d), but after 
removing the reverberations from the RFs using the approach of Yu et al. (2015).
We classify all the stations into three groups according to the quality of stacked 
RFs. Group A is for stations with clear PmS phase and obvious maximum stacking 
amplitude on the H-k plot (Figures S1 - S92). Group B is for stations that have multiple 
possible H-k pairs, and we decide the optimal H and k values by comparing results from 
adjacent stations (Figures S93 - 106). Group C is for stations that have an inadequate 
number of high-quality RFs (less than 5) or have low quality RFs that could not lead to 
reliable H and k values. A total of 92 seismic stations are assigned to Group A, 14 for
Group B, and 80 for Group C.
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2.2.2. Joint Monte-Carlo Inversion. We adopt a non-linear Bayesian Monte- 
Carlo joint inversion of Rayleigh wave phase velocity dispersions and RFs (Shen et al., 
2013) to construct a high-resolution 3-D shear wave velocity structure for the top 180 km 
beneath the SEUS.
Figure 5. Joint inversion results for Station X53A from Group A (a) - (c) and phase 
velocities inversion results for Station 555A from Group B (d) - (e) and Station W44A 
from Group C (f) - (g). (a) Ensemble of accepted shear velocity models. Light gray area 
represents the full width of the ensemble, and the 1a width of the ensemble under the 
assumption of Gaussian distribution is enclosed by the two black curves. The red curve is 
the mean of all the accepted shear velocity models. The Moho beneath the station is 
indicated by the horizontal blue dashed line. (b) Observed Rayleigh wave phase 
velocities (black dots) and 1a error bars. The red curve is the prediction from the best 
fitting model in (a). (c) Stacked RF trace (black curve) and the 1a uncertainty (light gray 
area). The red curve is the predicted RF from the best fitting model in (a). (d) - (e) and (f) 
- (g) are the same as (a) - (b), but for stations 555A and W44A, respectively.
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A 3-D initial model is generated using the H and k values derived from the H-k 
stacking analysis, and we allow a 25% perturbation for H values. The initial model is 
divided into two layers to respectively represent the crystalline crust (from the surface to 
H) and the upper mantle (from H to 180 km). A 4 cubic B-spline interpolation and a 5 
cubic B-spline interpolation of the IASP91 model (Kennett & Engdahl, 1991) are applied 
on the crust and upper mantle layers, respectively. The allowed magnitude of perturbation 
for the 9 velocity coefficients is 20%. For Group A stations, we use RF traces and H and 
k values from H-k stacking approach for the joint inversion (i.e., Station X53A, Figures 
5a - 5c; results for 92 Group A stations could be found on Figures S107 - S198). For 
stations in Group B, reasonable H and k values from H-k stacking are used to generate 
the initial inversion models, and we only invert the phase velocities due to the unclear 
PmS phases and corresponding converted phases on RF traces (i.e., Station 555A, Figures 
5d & 5e; results for 14 Group B stations could be found on Figures S199 -  S212). We use 
H values provided by CRUST1.0 global model (Laske et al., 2013) and a fixed k value of 
1.78 (Christensen, 1996) to construct inversion models for stations in Group C to invert 
phase velocities (i.e., Station W44A, Figures 5f & 5g; results for 65 Group C stations 
could be found on Figures S213 -  S277). Because k values derived from H-k stacking 
method can only reflect the averaged value in the crust, we use a fixed k of 1.75 for the 
uppermost mantle (e.g., Shen et al., 2013). To make physical dispersion corrections 
(Kanamori & Anderson, 1977), we use Q values from the PREM model (Dziewonski & 
Anderson, 1981). Three thousand iterations are adopted to reject unreliable inverted shear 
wave velocity values using a combined root mean square misfit function for Rayleigh 
wave phase velocity dispersion and RF measurements. The combined RMS misfit
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function can be expressed by ^J°int °.5(zsw + Zrf-), where x sw and x





RMS misfits for surface wave dispersion and RFs, respectively, and Xmin and Xmin 
represent the defined corresponding minimum values (e.g., Shen et al., 2013).
3. RESULTS
3.1. PHASE VELOCITY MAPS AND RESOLUTION TEST
The selected Rayleigh wave phase velocity dispersion curves are inverted to 
construct phase velocity maps at different periods. At short periods of 6 and 12 s (Figures 
3a & 3b), relatively higher phase velocities are observed within the SAM and parts of the 
ST. The GCP is characterized by low phase velocities at these periods. At the period of 
24 s (Figure 3 c), phase velocities within the SAM with the exception of the eastern 
portion become relatively lower comparing with those at the ACP, and phase velocities 
beneath the GCP still show low values. At the period of 40 s (Figure 3d), phase velocities 
within the SAM become more consistent with those outside the region. Only the central 
part of the SAM (the Appalachian Plateau and the Ridge and Valley) shows low phase 
velocities. The central and northwestern portions of the ST are also characterized by low 
velocities at this period. At longer periods of 80 and 120 s (Figures 3e & 3f), high phase 
velocities are mainly observed within the Mazatzal Province and Grenville Province at 
the northwestern corner of the study area.
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Figure 6. Results of checkerboard resolution tests plotted on horizontal phase velocity 
slices. (a) Synthetic checkerboard velocity model. The color bar represents synthetic 
velocities with both positive and negative 5% perturbations relative to a reference 
velocity of 4 km/s. (b) - (d) Recovered results using EGF analysis at periods of 6, 12, and 
24 s, respectively. (e) - (g) Recovered results using TS analysis at periods of 40, 80, and
120 s, respectively.
We utilize a standard checkerboard resolution test to check the reliability of phase 
velocities at all periods. Figure 6 shows testing results at 6 example periods (6, 12, 24,
40, 80, and 120 s). We synthesize a target model with alternative positive and negative
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5% perturbation velocities relative to 4 km/s with the grid dimension of 1.5° X 1.5°. 
Using exactly the same data and inversion procedures as those used in the real data set, 
we obtain recovered velocity models at different periods (Figures 6b - 6g). Except for the 
southern tip of the ST, well-reconstructed pattern and magnitude are obtained for all the 
periods, and we only discuss the area with acceptable resolution.
3.2. K MEASUREMENTS FROM RFS
The k values obtained from H-k stacking analysis range from 1.70 at Station 
Z54A located at the southeastern boundary between the SAM and ACP to 1.94 at Station 
657A in the northern part of the ST, with a mean value of 1.82 ± 0.05 for the entire study 
area (Figure 7). The Grenville Province within the SAM is characterized by relatively 
higher k values compared with the rest of the SAM, and the mean k values computed 
from 15 stations within the Grenville Province is 1.85 ± 0.03. There is a sharp boundary 
between the southeastern side of the SAM and the ACP (Figure 7). With the exception of 
the central part of the ST, which is a low-K zone (e.g., 1.72 at Station 857A, 1.73 at 
Station 858A, and 1.72 at Station 958A), the entire coastal plain possesses relatively 
higher k measurements.
3.3. H DISTRIBUTION
To generate an H map across the entire study area, we firstly obtain H results 
from the joint inversion approach for seismic stations in Group A (solid symbols in 
Figure 8) under the assumption that the Moho is a sharp velocity gradient discontinuity 
(Shen et al., 2013). We search for the largest velocity gradient within the depth window
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of 20 to 60 km of the inverted shear velocity curves underneath each of the stations. We 
then obtain H values from stations in Group B and Group C by the inversion of Rayleigh 
wave phase velocity dispersions. Again, H values are determined by searching the largest 
velocity gradient, which are marked by the dashed symbols in Figure 8. Within the entire 
study area, our resulting H values range from 27.0 km in the southwestern portion of the 
GCP (stations 546A and 646A) and the southern tip of the ST (stations 060Z and 061Z) 
to 54.0 km at Station U50A in the northern part of the SAM, within the Grenville 
Province (Figure 8b). The averaged H value computed from all the 186 stations is 39.0 ± 
5.8 km. The SAM is characterized by thick crust except for the eastern portion, and thin 
crust is mainly found in the ACP and GCP.
Figure 7. Resulting k measurements from H-k stacking approach. (a) The results are 
plotted as pluses and circles showing measurements from individual stations. Solid 
symbols represent measurements provided by stations in Group A, and dashed symbols 
are for stations in Group B. (b) The results are plotted using a continuous color scale.
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Figure 8. Resulting H measurements. (a) Results plotted as pluses and circles. Solid 
symbols represent H measurements from stations in Group A, while dashed symbols are 
from stations in Group B and Group C. (b) The results are plotted using a continuous
color scale.
3.4. SHEAR WAVE VELOCITIES
Due to the unsatisfied resolution of phase velocity in the southern tip of the ST 
(Figure 6), we did not invert for shear velocities at 9 stations in that area (stations 058A, 
059A, 059Z, 060A, 060Z, 061Z, 957A, 958A, and 959A). At shallow depths of 6 and 12 
km (Figures 9a & 9b), the SAM is characterized by high shear wave velocities, while the 
GCP has the lowest shear wave velocities across the entire study area, which may be 
caused by the thick sedimentary layers there. The low velocities observed beneath the 
GCP continue downward to the mid-crust (Figure 9c: 24 km), and the high velocities 
beneath the SAM become more comparable with the rest of the study area at this depth. 
At 40 km deep (Figure 9d), parts of the ST and the SAM, with the exception of its eastern
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portion, possess relatively lower shear velocities. From 60 to 130 km (Figures 9e - 9g), a 
clear low velocity zone is found beneath the northern and central portion of the ST. At 
the greatest depth of the velocity model (Figure 9h: 180 km), relatively higher velocities 
are observed beneath the Mazatzal Province and Grenville Province.
Figure 9. Horizontal shear wave velocity slices at different depths: (a) 6, (b) 12, (c) 24, 
(d) 40, (e) 60, (f) 90, (g) 130, and (h) 180 km.
4. DISCUSSION
4.1. DELAMINATION/RELAMINATION BENEATH THE EASTERN 
SOUTHERN APPALACHIAN MOUNTAINS
Delamination is defined as the process of decoupling of continental lower crust 
and upper mantle, due to the negative buoyance, from the overlying upper crust (Bird,
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1979; Meissner & Mooney, 1998). The metamorphic transition from gabbro to denser 
eclogite in the lowermost crust plays the major role in producing the negative buoyance 
(Rey, 1993). Synchronous with the sinking of the eclogite, the more silica-rich rocks in 
the crust would be transformed into felsic gneisses and rise buoyantly until finally attach 
to the bottom of the crust (Hacker et al., 2011). Parker et al. (2013) proposed a 
delamination/relamination model of the eastern SAM on the basis of the low k values 
(1.69 - 1.72) observed in parts of the Inner Piedmont in the eastern SAM. The model 
advocates delamination of the lower crust and subcrustal mantle lithosphere associated 
with the continental collision initiated at ca. 1190 Ma (Rivers & Corrigan, 2000) during 
the Proterozoic Grenville orogeny, and followed by crustal relamination of buoyant felsic 
melts.
Our k observations provide additional support for the model, and pinpoint the 
spatial extent of the delamination/relamination process. Relative to the averaged k value 
of 1.81 ± 0.05 for the SAM, the eastern SAM possesses lower k values, and the lowest 
values (~1.74) are found in the central portion of the eastern SAM (Figure 7). Beneath 
this area, the H measurements suggest a thinned crust relative to the rest of the SAM 
(Figure 8), which is also consistent with the delamination/relamination model. The 
relative thinner crust of the eastern SAM has also been observed by Ma & Lowry (2017) 
using a joint inversion of RFs, gravity, and spatial statistics for the whole contiguous U.S. 
Variations of k and H can be more clearly observed along Profile C-C’ (Figures 10h & 
10i). In addition, this area has lower shear velocities in the lowermost crust relative to the 
rest of the SAM (Figure 11b), which is consistent with the prediction of the model that 
the dense lowermost crust was decoupled from the rest of the crust and was replaced by
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younger felsic and low velocity relaminated materials, forming a low density and low 
velocity layer right above the new Moho discontinuity.
Figure 10. (a) Elevation variations along Profile A-A' marked on Figure 8b. The vertical 
black dashed line marks the boundary between the coastal plain (CP) and the Southern 
Appalachian Mountains (SAM). (b) Vertical shear wave velocity cross section from 
surface to the depth of 180 km along Profile A-A’. The gray curve represents the Moho 
from either joint inversion or surface wave inversion. (c) k variation along Profile A-A’. 
(d) - (f) and (g) - (i) are the same as (a) - (c), but for Profile B-B’ and Profile C-C’ 
marked on Figure 8b, respectively. AP: Appalachian Plateau; BRM: Blue Ridge 
Mountains; CT: Carolina Terrane; IP: Inner Piedmont; RV: Ridge and Valley.
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Figure 11. Mean shear wave velocities for different depth ranges. (a) The entire crust. (b) 
The lowermost 10-km-thick layer of the crust. (c) The uppermost 30-km-thick layer of 
the mantle. (d) From the Moho to 180 km deep. For each plot, the white color indicates 
the mean Vs in the IASP91 velocity model for the corresponding layer.
30
The ST has been recognized as exotic to North America by Wilson (1966), with 
the Brunswick Magnetic Anomaly being generally considered the northern boundary of 
the ST. The ST is characterized by high k values with the exception of the central 
portion, which is largely occupied by the Osceola intrusive complex (e.g., Boote et al., 
2018). The overall high k values are mainly attributed to magmatism (625 - 550 Ma) 
during the subduction of the Osceola Arc within the ST (Boote et al., 2018). The mean k 
value computed from the 3 stations located in the central ST (Figure 7b) is 1.72 ± 0.01, 
which is lower than the global average value of 1.78 (Christensen, 1996). In addition, we 
observed a high-velocity shear wave velocity layer at the bottom of the crust beneath this 
area, with a mean shear velocity for the 10-km-thick layer atop the Moho of ~4.0 km/s 
which is ~6.5% higher than the corresponding value in the IASP91 model (Figure 11b). 
The high velocities may be caused by either eclogites or other high-density rocks such as 
mafic granulites, but the low k values indicate that it is unlikely caused by mafic 
granulites. Thus, our results support the eclogitization model beneath the central ST, 
which is probably associated with the Ediacaran subduction.
In the uppermost mantle beneath the northern ST, a distinct low velocity anomaly 
is found from ~60 km to the depth of 180 km (Figures 9e - 9h). The observation is 
consistent with the estimated depth of about 60 km of the lithosphere-asthenosphere 
boundary in the area (Pasyanos et al., 2014; Figure 2a), which is also the shallowest 
lithosphere-asthenosphere boundary within the study area. Shen & Ritzwoller (2016) also 
observed a lower velocity anomaly at approximately the same location at depths of 70,
90, and 120 km.
4.2. LITH O SPH ERIC EVOLUTION OF TH E SUWANNEE TERRANE
31
The Grenville Province and a narrow zone adjacent to its eastern boundary are 
characterized by higher-than-normal k values comparing to the neighboring areas (Figure 
7). Most k values in the area are larger than 1.85 with the largest value of 1.90 found at 
Station Y49A near the southeastern part of the area (Figure 7b). Overall high k values in 
the Grenville Province are revealed by Ma & Lowry (2017). A recent study by Stein et al. 
(2018) proposes that the Grenville Province in the central United States, extending from 
Michigan to Alabama, is a part of the eastern arm of the Proterozoic Midcontinent Rift. 
Magmatic rocks observed in the rift system along with the seismic reflection evidence 
suggest possible existence of lower crustal magmatic intrusion and uppermost mantle 
magmatic underplating associated with crustal extension (e.g., Behrendt et al., 1990). In 
the Grenville Province and the narrow zone to the east, large amount of mafic rocks have 
been found (Misra & McSween, 1984), which correlates well with our observed high k 
values. Therefore, we speculate that magmatic intrusion associated with the Proterozoic 
rifting might be the major reason for the higher-than-normal k measurements observed in 
this area. The speculation is supported by our resulting low shear velocities in the crust 
and lowermost crust (Figures 11a & 11b), and by a recent traveltime tomography study 
(Wang et al., 2019a). The high k values related with active rifting have also been 
observed in other segments of the Midcontinent Rift (e.g., Moidaki et al., 2013; Zhang et 
al., 2016).
4.3. M AGM ATIC INTRUSION OF THE GRENVILLE PROVINCE
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Within the entire study area, high elevations are found in the SAM with the 
highest values in the central part, and the coastal plains show low elevations (Figures 1 & 
12a). While this elevation distribution is in general agreement with the distribution of the 
H measurements (Figure 8), in the next we estimate the contributions to the isostatic 
balance from various layers by taking the advantage of the resulting absolute shear wave 
velocities (Figure 9).
Under the assumption that the equilibrium is reached above the depth of 180 km, 
we first estimate the residual elevation, which is the difference between the expected and 
observed elevations. The residual elevation for a given area is expected to be close to 
zero if an area reaches isostatic equilibrium. To convert the observed Vs at each of the 
stations into densities, we interpolate the shear velocity model into 360 layers with an 
interval of 0.5 km, and calculate the velocity anomaly which is the difference between the 
observed velocity and the corresponding value in the IASP91 model for the same depth.
A scaling relationship, d lnp /d lnVs = 0.3 (Moulik & Ekstrom, 2016), is then used to 
convert the velocity anomalies to density anomalies. Subsequently, we obtained the 
pressure anomaly at 180-km deep relative to the normal pressure computed using the 
densities in the standard earth model. The residual elevation is finally calculated for each 
of the stations by assuming a density of 2670 k g / m 3. The resulting residual elevation 
values (Figure 12c) range from -2926 m (at Station 553A) to 1794 m (at Station U48A) 
with a mean value of -308 m and a large standard deviation of 823 m, suggesting that for 
most of the study area, additional density anomalies deeper than 180 km are needed in
4.4. ISOSTATIC EQUILIBRIUM  OF THE STUDY AREA
order to reach isostatic balance.
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We next estimate the required velocity anomalies by assuming that the required 
additional density variations are limited in a 230 km thick layer in the depth range of 180 
to 410 km, by using the same approach as that used for the top 180 km to compute the 
pressure at each of the stations. The resulting required velocity anomalies are with the 
range of -1.00 to +1.00 % for most of the areas, with a mean value of -0.55 ± 0.67 % 
(Figure 12d). Note that the amplitude of the required velocity anomaly for each station is 
inversely proportional to the assumed thickness of the layer. Two areas with the most 
anomalous values, the area with a positive ~1.5 % anomaly in the northern ST and the 
area with a negative ~2.2 % anomaly in the northwestern SAM (Figure 12d), are 
consistent with results from a recent traveltime tomography study (Netto & Pulliam, 
2020).
5. CONCLUSIONS
By jointly inverting receiver functions and Rayleigh wave phase velocity 
dispersion computed from ambient noise and teleseismic data, we image the crustal and 
upper mantle structure in the top 180 km beneath the southeastern United States. Our 
results are consistent with the hypothesis that the eastern Southern Appalachian 
Mountains has undergone delamination/relamination, as evidenced by the low k, high H, 
and relatively slow lower crustal velocities. The low k measurements and high lower 
crustal velocities beneath the Osceola intrusive complex at the central Suwannee Terrane 
may indicate the existence of eclogitization at the bottom of the crust. The Grenville 
Province and adjacent areas are characterized by elevated k measurements, which can be
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attributed to the magmatic intrusion during the period of extension of the Proterozoic 
Midcontinent Rift. For most of the areas, density variations in the top 180 km are 
insufficient to reach isostatic balance, and deeper anomalies are required in order to 
maintain equilibrium.
Figure 12. (a) Actual elevation values extracted at each of the seismic stations. (b) 
Required elevation values to reach isostatic equilibrium calculated from the surface to the 
depth of 180 km. (c) Residual elevation values. (d) Required shear wave velocity 
anomalies in the depth range between 180 and 410 km to reach isostatic equilibrium.
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APPENDIX
H-k Plots for Group A Stations
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Figure S1. H-k stacking of RFs from Station 058A. (a) The single red trace is the result 
of simple time domain summation of the individual traces (black traces) plotted against 
back azimuth (BAZ). (b) H-k stacking amplitude using the RFs in (a).
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Figure S2. Same as Figure S1, but for Station 059A.
Crustal thickness (km) Crustal thickness (km)
Figure S3. H-k stacking of RFs from Station 147A using the approach of Yu et al. (2015) 
to remove reverberations. (a) Original RFs plotted against back azimuth (BAZ). The red 
trace is the result of simple time domain summation of the individual RFs and 
demonstrates strong decaying periodic arrivals of the reverberations. (b) H-k stacking 
using the raw RFs shown in (a). The black dot denotes the maximum stacking amplitude. 
(c) Same as (a) but for RFs after removing the reverberations. (d) H-k stacking using the
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Figure S4. Same as Figure S3, but for Station 148A.
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Figure S6. Same as Figure S1, but for Station 152A.
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Figure S7. Same as Figure S3, but for Station 154A.
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Figure S8. Same as Figure S1, but for Station 556A.
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Figure S9. Same as Figure S1, but for Station 557A.
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Figure S10. Same as Figure S1, but for Station 656A.
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Figure S11. Same as Figure S1, but for Station 657A.
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Figure S12. Same as Figure S1, but for Station 658A.
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Figure S13. Same as Figure S1, but for Station 757A.
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Figure S14. Same as Figure S1, but for Station 758A.
Original RFs and the stacking
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Figure S15. Same as Figure S1, but for Station 857A.
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Figure S16. Same as Figure S1, but for Station 858A.
Figure S17. Same as Figure S1, but for Station 859A.
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Figure S18. Same as Figure S1, but for Station 959A.
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Figure S19. Same as Figure S1, but for Station KMSC.
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Figure S20. Same as Figure S1, but for Station T51A.
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Figure S21. Same as Figure S1, but for Station T53A.
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Figure S22. Same as Figure S1, but for Station T57A.
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Figure S24. Same as Figure S1, but for Station T59A.
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Figure S25. Same as Figure S3, but for Station U45A.
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Figure S26. Same as Figure S1, but for Station U47A.
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Figure S27. Same as Figure S1, but for Station U49A.
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Figure S28. Same as Figure S1, but for Station U50A.
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Figure S29. Same as Figure S1, but for Station U51A.
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Figure S30. Same as Figure S1, but for Station U52A.
Figure S31. Same as Figure S1, but for Station U53A.
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Figure S32. Same as Figure S1, but for Station U54A.
•4 0 4 8 12 16 20 24 28 32 36 40 44 48
Time after direct P-wave (s)
(b)
D ep =  4 6 .8 ; V p A  s=  1 .78 ; s t ln t=  3 6 .5 0 2 ; s t lo n =  -81 .047
15 20 25 30 35 40 45 50 55
Crustal thickness (km)
Figure S33. Same as Figure S1, but for Station U55A.
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Figure S34. Same as Figure S1, but for Station U56A.
Figure S35. Same as Figure S1, but for Station U57A.
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Figure S36. Same as Figure S1, but for Station U58A.
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Figure S38. Same as Figure S3, but for Station V45A.
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Figure S39. Same as Figure S1, but for Station V46A.
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Figure S40. Same as Figure S1, but for Station V47A.
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Figure S41. Same as Figure S1, but for Station V49A.
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Figure S42. Same as Figure S1, but for Station V50A.
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Figure S43. Same as Figure S1, but for Station V51A.
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Figure S44. Same as Figure S1, but for Station V53A.
Figure S45. Same as Figure S1, but for Station V54A.
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Original RFs and the stacking
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Figure S46. Same as Figure S1, but for Station V55A.
(a) Original RFs and the stacking
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Figure S47. Same as Figure S1, but for Station V56A.
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Original RFs and the stacking
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Figure S48. Same as Figure S1, but for Station V57A.
Figure S49. Same as Figure S1, but for Station V58A.
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Figure S50. Same as Figure S1, but for Station V59A.
Figure S51. Same as Figure S1, but for Station W46A.
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Figure S52. Same as Figure S1, but for Station W48A.
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Figure S53. Same as Figure S1, but for Station W51A.
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Figure S54. Same as Figure S1, but for Station W54A.
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Figure S55. Same as Figure S1, but for Station W56A.
63
Crustal thickness (km)
Figure S56. Same as Figure S1, but for Station W57A.
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Figure S57. Same as Figure S1, but for Station W58A.
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Figure S58. Same as Figure S1, but for Station W59A.
Figure S59. Same as Figure S1, but for Station X47A.
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Figure S60. Same as Figure S1, but for Station X48A.
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Figure S61. Same as Figure S1, but for Station X49A.
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Figure S62. Same as Figure S1, but for Station X50B.
Figure S63. Same as Figure S1, but for Station X51A.
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Figure S64. Same as Figure S1, but for Station X52A.
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Figure S65. Same as Figure S1, but for Station X53A.
68
•4 0 4 8 12 1620 2428 32 3640 44 48
Time after direct P-wave (s)
(b)
D ep =  4 1 .6 ; V p A  s=  1 .77; s t la t=  3*4.547; s tlo n =  -8 2 3 7 4
15 20 25 30 35 40 45 50 55
Crustal thickness (km)
Figure S66. Same as Figure S1, but for Station X54A.
Crustal thickness (km)
Figure S67. Same as Figure S1, but for Station X55A.
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Figure S68. Same as Figure S1, but for Station X56A.
Original RFs and the stacking
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Figure S69. Same as Figure S1, but for Station X57A.
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Figure S70. Same as Figure S1, but for Station X58A.
Figure S71. Same as Figure S1, but for Station Y46A.
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Figure S72. Same as Figure S1, but for Station Y47A.
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Figure S73. Same as Figure S1, but for Station Y48A.
72
Figure S74. Same as Figure S1, but for Station Y49A.
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Figure S75. Same as Figure S1, but for Station Y51A.
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Figure S76. Same as Figure S1, but for Station Y52A.
Figure S77. Same as Figure S1, but for Station Y53A.
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Figure S78. Same as Figure S1, but for Station Y54A.
Figure S79. Same as Figure S1, but for Station Y55A.
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Figure S80. Same as Figure S1, but for Station Y56A.
Crustal thickness (km)
Figure S81. Same as Figure S1, but for Station Y57A.
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Figure S82. Same as Figure S3, but for Station Y58A.
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Figure S83. Same as Figure S3, but for Station Y59A.
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Figure S84. Same as Figure S1, but for Station Z48A.
Crustal thickness I km I
Figure S85. Same as Figure S1, but for Station Z49A.
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Figure S86. Same as Figure S1, but for Station Z50A.
Figure S87. Same as Figure S1, but for Station Z51A.
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Figure S88. Same as Figure S1, but for Station Z52A.
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Figure S90. Same as Figure S1, but for Station Z54A.
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H-k Plots for Group B Stations
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Figure S93. Same as Figure S1, but for Station 060A.
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Figure S94. Same as Figure S3, but for Station 155A.
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Figure S95. Same as Figure S1, but for Station 156A.
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Figure S96. Same as Figure S1, but for Station 157A.
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Figure S97. Same as Figure S1, but for Station 555A.
Crustal thickness (km)
Figure S98. Same as Figure S1, but for Station 655A.
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Figure S99. Same as Figure S1, but for Station 957A.
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Figure S101. Same as Figure S3, but for Station U44A.
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Figure S103. Same as Figure S1, but for Station V52A.
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Figure S105. Same as Figure S1, but for Station W50A.
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Figure S106. Same as Figure S3, but for Station X45A.
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1-D Inversion Results for Group A Stations
Figure S107. Joint inversion results for Station 058A. (a) Ensemble of accepted shear 
velocity models. Area enclosed by the two black curves represents the full width of the 
ensemble, and the 1a width of the ensemble under the assumption of Gaussian 
distribution is enclosed by the two light gray curves. The red curve is the mean of all the 
accepted shear velocity models. The Moho beneath the station is indicated by the 
horizontal blue dashed line. (b) Observed Rayleigh wave phase velocities (black dots) 
and 1a error bars. The red curve is the prediction from the best fitting model in (a). (c) 
Stacked RF trace (black curve) and the 1a uncertainty (enclosed by the two light gray 
curves). The red curve is the predicted RF from the best fitting model in (a).
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Figure S108. Same as Figure S107, but for Station 059A.
Figure S109. Same as Figure S107, but for Station 147A.
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Figure S110. Same as Figure S107, but for Station 148A.
Figure S111. Same as Figure S107, but for Station 150A.
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Figure S112. Same as Figure S107, but for Station 152A.
Figure S113. Same as Figure S107, but for Station 154A.
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Figure S114. Same as Figure S107, but for Station 556A.
Figure S115. Same as Figure S107, but for Station 557A.
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Figure S116. Same as Figure S107, but for Station 656A.
Figure S117. Same as Figure S107, but for Station 657A.
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Figure S118. Same as Figure S107, but for Station 658A.
Figure S119. Same as Figure S107, but for Station 757A.
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Figure S120. Same as Figure S107, but for Station 758A.
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Figure S122. Same as Figure S107, but for Station 858A.
Figure S123. Same as Figure S107, but for Station 859A.
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Figure S124. Same as Figure S107, but for Station 959A.
Figure S125. Same as Figure S107, but for Station KMSC.
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Figure S126. Same as Figure S107, but for Station T51A.
Figure S127. Same as Figure S107, but for Station T53A.
100
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Figure S129. Same as Figure S107, but for Station T58A.
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Figure S130. Same as Figure S107, but for Station T59A.
Figure S131. Same as Figure S107, but for Station U45A.
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Figure S132. Same as Figure S107, but for Station U47A.
Figure S133. Same as Figure S107, but for Station U49A.
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Figure S134. Same as Figure S107, but for Station U50A.
Figure S135. Same as Figure S107, but for Station U51A.
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Figure S136. Same as Figure S107, but for Station U52A.
Figure S137. Same as Figure S107, but for Station U53A.
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Figure S138. Same as Figure S107, but for Station U54A.
Figure S139. Same as Figure S107, but for Station U55A.
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Figure S140. Same as Figure S107, but for Station U56A.
Figure S141. Same as Figure S107, but for Station U57A.
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Figure S142. Same as Figure S107, but for Station U58A.
Figure S143. Same as Figure S107, but for Station U59A.
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Figure S144. Same as Figure S107, but for Station V45A.
Figure S145. Same as Figure S107, but for Station V46A.
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Figure S146. Same as Figure S107, but for Station V47A.
Figure S147. Same as Figure S107, but for Station V49A.
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Figure S148. Same as Figure S107, but for Station V50A.
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Figure S150. Same as Figure S107, but for Station V53A.
Figure S151. Same as Figure S107, but for Station V54A.
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Figure S152. Same as Figure S107, but for Station V55A.
Figure S153. Same as Figure S107, but for Station V56A.
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Figure S154. Same as Figure S107, but for Station V57A.
Figure S155. Same as Figure S107, but for Station V58A.
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Figure S156. Same as Figure S107, but for Station V59A.
Figure S157. Same as Figure S107, but for Station W46A.
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Figure S158. Same as Figure S107, but for Station W48A.
Figure S159. Same as Figure S107, but for Station W51A.
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Figure S160. Same as Figure S107, but for Station W54A.
Figure S161. Same as Figure S107, but for Station W56A.
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Figure S162. Same as Figure S107, but for Station W57A.
Figure S163. Same as Figure S107, but for Station W58A.
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Figure S164. Same as Figure S107, but for Station W59A.
Figure S165. Same as Figure S107, but for Station X47A.
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Figure S166. Same as Figure S107, but for Station X48A.
Figure S167. Same as Figure S107, but for Station X49A.
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Figure S168. Same as Figure S107, but for Station X50B.
Figure S169. Same as Figure S107, but for Station X51A.
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Figure S170. Same as Figure S107, but for Station X52A.
Figure S171. Same as Figure S107, but for Station X53A.
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Figure S172. Same as Figure S107, but for Station X54A.
Figure S173. Same as Figure S107, but for Station X55A.
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Figure S174. Same as Figure S107, but for Station X56A.
Figure S175. Same as Figure S107, but for Station X57A.
124
Figure S176. Same as Figure S107, but for Station X58A.
Figure S177. Same as Figure S107, but for Station Y46A.
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Figure S178. Same as Figure S107, but for Station Y47A.
Figure S179. Same as Figure S107, but for Station Y48A.
126
Figure S180. Same as Figure S107, but for Station Y49A.
Figure S181. Same as Figure S107, but for Station Y51A.
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Figure S182. Same as Figure S107, but for Station Y52A.
Figure S183. Same as Figure S107, but for Station Y53A.
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Figure S184. Same as Figure S107, but for Station Y54A.
Figure S185. Same as Figure S107, but for Station Y55A.
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Figure S186. Same as Figure S107, but for Station Y56A.
Figure S187. Same as Figure S107, but for Station Y57A.
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Figure S188. Same as Figure S107, but for Station Y58A.
Figure S189. Same as Figure S107, but for Station Y59A.
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Figure S190. Same as Figure S107, but for Station Z48A.
Figure S191. Same as Figure S107, but for Station Z49A.
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Figure S192. Same as Figure S107, but for Station Z50A.
Figure S193. Same as Figure S107, but for Station Z51A.
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Figure S194. Same as Figure S107, but for Station Z52A.
Figure S195. Same as Figure S107, but for Station Z53A.
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Figure S196. Same as Figure S107, but for Station Z54A.
Figure S197. Same as Figure S107, but for Station Z55A.
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Figure S198. Same as Figure S107, but for Station Z56A.
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1-D Inversion Results for Group B Stations
Figure S199. Joint inversion results for Station 060A. (a) Ensemble of accepted shear 
velocity models. Area enclosed by the two black curves represents the full width of the 
ensemble, and the 1a width of the ensemble under the assumption of Gaussian 
distribution is enclosed by the two light gray curves. The red curve is the mean of all the 
accepted shear velocity models. The Moho beneath the station is indicated by the 
horizontal blue dashed line. (b) Observed Rayleigh wave phase velocities (black dots) 
and 1a error bars. The red curve is the prediction from the best fitting model in (a).
Figure S200. Same as Figure S199, but for Station 155A.
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Figure S201. Same as Figure S199, but for Station 156A.
Figure S202. Same as Figure S199, but for Station 157A.
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Figure S203. Same as Figure S199, but for Station 555A.
Figure S204. Same as Figure S199, but for Station 655A.
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Figure S205. Same as Figure S199, but for Station 957A.
Figure S206. Same as Figure S199, but for Station 958A.
140
Figure S207. Same as Figure S199, but for Station U44A.
Figure S208. Same as Figure S199, but for Station V44A.
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Figure S209. Same as Figure S199, but for Station V52A.
Figure S210. Same as Figure S199, but for Station W45A.
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Figure S211. Same as Figure S199, but for Station W50A.
Figure S212. Same as Figure S199, but for Station X45A.
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1-D Inversion Results for Group C Stations
Figure S213. Same as Figure S199, but for Station 059Z.
Figure S214. Same as Figure S199, but for Station 060Z.
144
Figure S215. Same as Figure S199, but for Station 061Z.
Figure S216. Same as Figure S199, but for Station 145A.
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Figure S217. Same as Figure S199, but for Station 146A.
Figure S218. Same as Figure S199, but for Station 149A.
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Figure S219. Same as Figure S199, but for Station 151A.
Figure S220. Same as Figure S199, but for Station 153A.
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Figure S221. Same as Figure S199, but for Station 158A.
Figure S222. Same as Figure S199, but for Station 250A.
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Figure S223. Same as Figure S199, but for Station 253A.
Figure S224. Same as Figure S199, but for Station 254A.
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Figure S225. Same as Figure S199, but for Station 255A.
Figure S226. Same as Figure S199, but for Station 256A.
150
Figure S227. Same as Figure S199, but for Station 257A.
Figure S228. Same as Figure S199, but for Station 353A.
151
Figure S229. Same as Figure S199, but for Station 355A.
Figure S230. Same as Figure S199, but for Station 356A.
152
Figure S231. Same as Figure S199, but for Station 357A.
Figure S232. Same as Figure S199, but for Station 446A.
153
Figure S233. Same as Figure S199, but for Station 447A.
Figure S234. Same as Figure S199, but for Station 448A.
154
Figure S235. Same as Figure S199, but for Station 449A.
Figure S236. Same as Figure S199, but for Station 450A.
155
Figure S237. Same as Figure S199, but for Station 451A.
Figure S238. Same as Figure S199, but for Station 452A.
156
Figure S239. Same as Figure S199, but for Station 453A.
Figure S240. Same as Figure S199, but for Station 454A.
157
Figure S241. Same as Figure S199, but for Station 455A.
Figure S242. Same as Figure S199, but for Station 456A.
158
Figure S243. Same as Figure S199, but for Station 457A.
Figure S244. Same as Figure S199, but for Station 552A.
159
Figure S245. Same as Figure S199, but for Station 553A.
Figure S246. Same as Figure S199, but for Station 554A.
160
Figure S247. Same as Figure S199, but for Station 646A.
Figure S248. Same as Figure S199, but for Station T47A.
161
Figure S249. Same as Figure S199, but for Station TIGA.
Figure S250. Same as Figure S199, but for Station U44B.
162
Figure S251. Same as Figure S199, but for Station U46A.
Figure S252. Same as Figure S199, but for Station U48A.
163
Figure S253. Same as Figure S199, but for Station U60A.
Figure S254. Same as Figure S199, but for Station U61A.
164
Figure S255. Same as Figure S199, but for Station V48A.
Figure S256. Same as Figure S199, but for Station V60A.
165
Figure S257. Same as Figure S199, but for Station V61A.
Figure S258. Same as Figure S199, but for Station W44A.
166
Figure S259. Same as Figure S199, but for Station W47A.
Figure S260. Same as Figure S199, but for Station W49A.
167
Figure S261. Same as Figure S199, but for Station W52A.
Figure S262. Same as Figure S199, but for Station W53A.
168
Figure S263. Same as Figure S199, but for Station W60A.
Figure S264. Same as Figure S199, but for Station W61A.
169
Figure S265. Same as Figure S199, but for Station X46A.
Figure S266. Same as Figure S199, but for Station X50A.
170
Figure S267. Same as Figure S199, but for Station X59A.
Figure S268. Same as Figure S199, but for Station X60A.
171
Figure S269. Same as Figure S199, but for Station Y45A.
Figure S270. Same as Figure S199, but for Station Y50A.
172
Figure S271. Same as Figure S199, but for Station Y60A.
Figure S272. Same as Figure S199, but for Station Z45A.
173
Figure S273. Same as Figure S199, but for Station Z46A.
Figure S274. Same as Figure S199, but for Station Z47A.
174
Figure S275. Same as Figure S199, but for Station Z57A.
Figure S276. Same as Figure S199, but for Station Z58A.
175
Figure S277. Same as Figure S199, but for Station Z59A.
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A combined approach of two-station surface wave tomography and joint Monte- 
Carlo inversion of surface wave dispersion measurements and receiver functions is 
applied to image the structures of the crust and lithospheric mantle beneath the 
southeasrtern United States. Our resulting shear wave velocity model, crustal thickness 
and Vp/Vs measurements indicate that:
(1) For the eastern portion of the southern Appalachian Mountins, a 
delamination/relamination theory is previously proposed based on the low 
crustal Vp/Vs values there. Our study not only confirm the low crustal Vp/Vs 
values, but also provide more evidence, such as the existence of a thin crust 
and slow lower crustal seismic velcoities, to support that the region has 
undergone delamination/relamination;
(2) Beneath the Osceola intrusive complex in the central Suwannee Terrane, we 
measured low crustal Vp/V s values and slow shear wave velocities for a 10- 
km-thick layer right above the Moho, which can be best interpreted as the 
presence eclogitization at the bottom of the crust;
(3) The Grenville Province and a narrow zone to its east possess relatively higher 
crustal Vp/Vs measurements comparing with the rest of the southern 
Appalachian Mountains. Considering that the region has been recently 
recognized as the eastern arm of the Proterozoic Midcontinent Rift, we
183
speculate that the high crustal Vp/V s values are attributed to the crustal 
extension associated with the rifting process;
(4) Our estimated density values computed from the resulting shear wave velocity 
anomalies in the top 180 km of the lithosphere indicate that most of the study 
have not reach isostatic equilibrium in this depth range, suggesting the 
requirement of density anomalies in greater depths.
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